At present, it seems clear that the nucleolus is multifunctional and represents one of the key cell organelles that participate directly or indirectly in cell resting, proliferation, differentiation and maturation states, and possibly also in programmed cell death. Thus, the morphology and cytochemistry of nucleoli may represent a very useful tool not only for the evaluation of nucleolar biosynthetic activities but also for the evaluation of various cell states under physiological, experimental and pathological conditions.
staining properties, have been used for the cytological diagnosis of malignancy since the 19 th century (see e.g. Koller, 1963; Busch and Smetana, 1970) . However, it was frequently neglected that the number and size of nucleoli also depended on the cell cycle and on a variety of other factors (see Wachtler and Stahl, 1993) . Nevertheless, it has been recently established that the nucleolar size represents a unique parameter for the histological assessment of the rapidity of cell proliferation in tumor lesions .
Methodical notes
Nucleoli may be visualized by a broad spectrum of cytochemical and immunocytochemical methods that facilitate the demonstration of certain nucleolar components ( Fig. 1-7) . However, the possibility to see very small nucleoli (the so-called micronucleoli) using "classical procedures" was limited. Therefore, numerous past studies reported the disappearance of nucleoli in terminal stages of the differentiation and maturation of blood cells including the abnormal ones (see Busch and Smetana, 1970) . The visualization of micronucleoli, frequently masked by surrounding chromatin, has been facilitated by the use of light microscopic cytochemical methods for the demonstration of RNA and certain characteristic nucleolar proteins hand, all nucleolar types may be easily seen by conventional transmission electron microscopy (Fig. 8-11, ref. Smetana, 1980) . However, the disadvantage of this approach is represented by the limited number of cell sections containing the nucleolus accessible for electron microscopy.
In discussing methods for nucleolar visualization, it should be mentioned that the previously used determination of the nucleolar number by various methods for cell identification, particularly of blastic cells, is no longer justified. The number, size and structure also depend on the state of the nucleolar activities related to the cell proliferation, resting, differentiation and maturation state (see Busch and Smetana, 1970; Smetana, 1980; Wachtler and Stahl, 1993) . In addition, the nucleolar patterns reflect the cell's aging and may be influenced by the therapy of the patients or experimental conditions, in vivo as well as in vitro (Smetana and Busch, 1970; Ochs, 1998; Comai, 1999 , Olson et al., 2000 .
The nucleolar structure and function At present, it seems to be clear that the nucleolus is the site of rRNA transcription, processing and assembly of preribosomal particles (Busch and Smetana, 1970; Wachtler and Stahl, 1993; Hozák et al., 1994; Stanȇk et al., 2000) . Despite numerous contradictory discussions, rRNA is apparently transcribed and processed in small foci in the nucleolar regions with dense fibrillar RNA-containing components (Fig. 8 ) at fibrillar centers (Fig. 8, 9 , 11) which represent a storage compartment of molecules necessary for the transcription and processing process. The assembly of preribosomal particles is localized in nucleolar regions 127 8, 11). Some studies (see Pederson, 1998; Huang et al., 1998) indicated that nucleoli are involved in the transcription and/or processing as well as the transport of other RNA species including some tRNAs and mRNAs. The detection of the small telomerase RNA within the nucleolus indicates nucleolar involvement in the function of this enzyme which synthetizes the telomeric DNA repeats at the chromosomal ends. The presence of a coiled body within the nucleolus and the presence of some nucleolar proteins in the former may reflect a possible functional link between these structures (Busch, 1997; Ochs, 1998) .
Main nucleolar types
Nucleoli may be classified according to the size and distribution of RNA (see Smetana, 1980; Schwarzacher and Wachtler, 1983) . Three main nucleolar types may be distinguished, such as: (a), large nucleoli with a relatively uniform distribution of RNA in the light microscope ( Fig. 1-3 ), multiple fibrillar centers (Fig. 3, 4 , 7a) and more or less distinct nucleolonemas which are easily visible in the electron microscope ( The different distribution of AgNORs in a large nucleolus (large arrow) and small nucleoli (small arrows), the better visualization of which was facilitated by the image processing. N -nucleus. Silver reaction, x approx. 3300. (5)Satellite nucleoli (arrows) stained with the silver reaction for AgNORs in an early stage of the leukemic granulocytic lineage. X approx. 3600 using the image processing. (6)Advanced stages of the granulocytic (on the left) and erythroid differentiation containing micronucleoli (arrows) stained with the silver reaction for AgNORs. C -cytoplasm. X approx. 2100. (7)PHA stimulated lymphocytes (Ly) entering to S phase immunostained for nucleolin (C23 protein) and nucleophosmin (B23 protein) a. Nucleolin is positive in 3 fibrillar centers and adjacent nucleolar regions (arrow). b. Nucleophosmin is rather uniformly distributed (arrow). Ne-neutrophil. Low contrast printing to facilitate cell visualization. X approx. 2500.
It should be added that some cells may contain various types of nucleoli within the same nucleus. In such case, the more active nucleolus is the dominant one (Smetana et al., 1996) . Large active nucleoli characteristic of early stages of all blood cell lineages, are replaced by less active ring-shaped nucleoli and/or inactive micronucleoli during further differentiation and maturation (see Smetana, 1980) . In the erythroid lineage, the transformation of active, irregularly shaped nucleoli occurs already in the stage of basophilic erythroblasts; in the granulocytic lineage, in myelocytes, and in the monocytic lineage, in promonocytes. In the lymphocytic and plasmacytic lineages, mature cells are characterized by the presence of ringshaped nucleoli in a reversible resting state which transforms to micronucleoli in terminal stage; or in lymphocytes, to active large nucleoli after blastic stimulation (Smetana, 1980) . The number of lymphocytes in the peripheral blood, classified according to the presence of main nucleolar types, may be a useful marker of their activity in a variety of diseases including malignant ones (see Smetana, 1980) . The premature loss of nucleoli and ribosomal cistrons has been regularly noted in erythroblasts of refractory anemias of the myelodysplastic syndrome Smetana et al., 1999a) . Such abnormality reflects an alteration in the renewal of preribosomal particles and participates in the premature programmed cell death of these cells, and thus contributes to the pathogenesis of this disease.
Nucleolar asynchrony is expressed by the presence of an active large nucleolus and a resting ringshaped nucleolus in one and the same nucleus in one and the same cell (Fig. 10) . Such cells seem to be more resistant to cytotoxic or cytostatic treatment (Smetana et al., 1997) . The nucleolar asynchrony is mainly observed in leukemic myeloblasts, and less frequently, in lymphoblasts (Smetana et al., 1999c) or in immature leukemic monocytes as well as in myeloma plasmacytes. 129 lar types within the same nucleus (Fig. 5) are called satellite nucleoli. They represent single nucleolar organizers which do not fuse or participate in the formation of a characteristic nucleolus. In situ hybridization has demonstrated the presence of rDNA confirming that these are real nucleoli (Smetana et al., 1993) . It should be added that the number of cells with satellite nucleoli decreases after mitogenic stimulation accompanied by increased RNA transcription, and increases when the transcription of this nucleic acid is inhibited.
Nucleolar silver stained particles-AgNORs in interphasic cells
At present, AgNORs (Fig. 4-6 ) are widely used for the evaluation of nucleolar transcriptional activities and cell proliferation potential (Busch et al., 1979; Trere et al., 1989; Derenzini, 2000) . Their number or size usually correlates with other proliferation markers (Thiele and Fischer, 1993) . In this regard, it should be mentioned that the reported differences in the number of AgNORs in various cells depend not only on cell differentiation, maturation, proliferation, resting and aging states but also on methods for their visualization. The silver reaction may exhibit positivity of various nucleolar compartments and the whole nucleolar body depending on proteins reacting with silver under various conditions (Smetana et al. 1999b) . The most useful information is provided by the silver reaction of proteins, such as RNA polymerase I, UBF and nucleolin, in fibrillar centers and adjacent nucleolar areas containing fibrillar components. In such case, the positivity of the silver reaction apparently corresponds to interphasic AgNORs. The number of silver-stained particles-AgNORs is highest in immature proliferating blood cells and gradually decreases in the course of their maturation and differentiation (Smetana et al., 1984; Grotto et al., 1991; Janoutová and Likovský, 1995) . Large nucleoli contain clusters
Figs. 8/11 -(8)Electron micrograph of a ring-shaped nucleolus in a lymphocyte showing a fibrillar center (FC), dense fibrillar RNA-containing components (DFC), granular RNP components (GC) and perinucleolar chromatin (Ch). X approx. 68000. (9)A ring-shaped nucleolus (pointers) in a leukemic lymphocyte stained for AgNORs. The silver stained proteins are in protrusionlike regions (arrows) at a large fibrillar center (FC). The nucleolar periphery -Pe. X approx. 55000. (10)Nucleolar asynchrony in a myeloma plasmablast. Compact nucleolus without distinct nucleolonemas (Co), characteristic ring-shaped nucleolus (RS) with RNA-containing structures surrounding a large fibrillar center . X approx. 32000. (11)A large nucleolus with distinct nucleolonemas (pointer). Nucleolar regions containing dense fibrillar components (DF) and granular components (G). Fibrillar center (white arrow), perinucleolar chromatin (Ch) and a perichromatin granule (black arrow). x approx. 64000. micronucleoli, including satellite nucleoli, the number of AgNORs is substantially reduced-usually to 1 AgNOR (Fig. 4-6) . The number of AgNORs may be different in nucleoli within the same nucleus (Fig. 4) . Such asymmetric distribution apparently indicates differences in nucleolar biosynthetic activity, and larger nucleoli with a larger number of AgNORs might be functionally dominant (Smetana et al. 1999d) .
Nucleolar development in granulocytic precursors in the chronic phase of chronic myeloid leukemia is similar to that in the "normal" nonleukemic granulocytic lineage, except for a lower number of clustered AgNORs (Gilberti et al., 1995) . Myeloblasts in acute myeloid leukemias are characterized by a reduction in the nucleolar number as well as the number of AgNORs, which might be used as a prognostic marker (Trnȇný and Smetana, 1993; Grotto et al., 1995; Pich et al., 1998) . This abnormality may be related to the prolonged cell cycle of these cells and/or their decreased proliferation potential. It should be also added that some leukemic myeloblasts or lymphoblasts contain only micronucleoli, as do fully mature and not-proliferating cells. Such cells might correspond to aging non-proliferating leukemic blasts which were reported in earlier studies (see Smetana et al., 1996) . As in other malignant diseases, in malignant lymphoproliferative disorders and multiple myeloma, the increased number of AgNORs is usually associated with a more aggressive and rapid course of the disease (Crocker 1992; Pich et al., 1992; Mikou, 1993; Kalir et al., 1994 . At this point, it should be mentioned that a high percentage of leukemic lymphocytes in chronic lymphocytic leukemia possess ring-shaped nucleoli with the re-distributed silver stained proteins at fibrillar centers, similar to stimulated lymphocytes at the end of the early G1 phase. Thus, these leukemic lymphocytes are apparently not in the presumed G0 phase and might be sensitive to the current cytostatics acting on the G1 phase (Smetana et al., 1995) .
Selected nucleolar proteins as markers of the nucleolar and cell proliferation activities
Only some nucleolar proteins, among the several which may be visualized by immunocytochemistry, are widely used as markers of the cell prolif-130 that the localization of them depends on a great variety of factors including their intranuclear transport and translocation. PCNA (Proliferating Cell Nuclear Antigen), commonly used as a marker of cell proliferation activity, is expressed in the nucleolus starting with the late G1 phase and is especially accumulated in the S phase (Smetana et al., 1983; Kurki et al., 1986) . RNA polymerase I is present in fibrillar centers and adjacent nucleolar regions, the number of which is enlarged when the cell increases the transcription of rRNA and proliferates. Thus, this enzyme is also a useful marker for these nucleolar compartments even at the light microscopic level (Ochs and Smetana, 1989) . Nucleophosmin (Fig. 7b) , mainly present in nucleolar regions containing granular components representing preribosomes, is a promising marker of the cell sensitivity to cytostatic drugs. The translocation of this protein from nucleoli was noted under experimental conditions in leukemic cells sensitive to the cytostatic treatment (Chan et al., 1999; Busch, 1977) . Other nucleolar proteins might be also important as markers of nucleolar and cell proliferation activity in the future, but at present, they rather serve as markers for the light microscopic localization of nucleolar functional components (Fig. 7a) .
Nucleoli in programmed cell death-apoptosis
There is only limited information on nucleoli in the course of the cell terminal maturation and apoptosis. However, cell terminal maturation is usually accompanied by the transformation of nucleoli to micronucleoli, and in some cells, such as pathological erythroblasts or maturing granulocytes, by their disappearance. From a cytochemical point of view, it seems likely that micronucleoli lose their RNA, and the nucleolar remnants bodies consist mainly of characteristic nucleolar proteins (Smetana et al., 2001) . In the electron microscope, these remnants are represented by residual fibrillar centers or protein filamentous bodies (Zatsepina et al., 1988; Ochs and Smetana, 1989) , in some of which the nucleolar components may be segregated (Smetana, 1980) . Recently, it has been shown that residual nucleolar components in apoptotic blood cells, or other cell types, may be a part of heterogeneous aggregates called 'heterogeneous ectopic RNPderived structures' (HERDS) in the nucleus; and nucleolus-like bodies (Biggiogera et al., 1997; Pellicciari et al., 2000) . Recent experiments have demonstrated that apoptosis induced directly, without preceding terminal differentiation in leukemic granulocytic precursors, is not accompanied by the nucleolar transformation to micronucleoli. In these apoptotic cells, nucleoli are characterized by a marked reduction of AgNORs, which is also related to the alteration of nucleolar transcription and cell proliferation (Smetana et al., 2000) .
